Metal magnesium is mainly produced from the calcined dolomite by the silicothermic production. However, in this process, the reduction temperature is higher while the reaction speed is slow, which results in higher energy consumption and serious environmental problems. In this paper, adding aluminum into the ferrosilicon reducing agent is expected to lower the reaction temperature so as to solve the problems above. The phase transition involved in the whole reduction process including with and without aluminum addition were investigated in details by theoretical calculation and experimental research. The influence of aluminum on the magnesium oxide reduction path was analysis to clarify the internal mechanism. The results show that aluminum added into the ferrosilicon would first react with magnesium oxide to form magnesium vapor and alumina under vacuum pressure of 10 Pa when the temperature rises to 720°C. Then, calcium aluminate would be formed by the reaction of aluminum oxide and calcium oxide. Once the temperature reaches 1150°C, silicon begins to reduce the magnesium oxide to create the silicon oxide that will finally react with calcium oxide to form calcium silicate. When the temperature rises above 1150°C, both the aluminum and silicon will participate in the reduction of magnesium oxide. In the process of heating up, the mixture of aluminum, ferrosilicon and calcined dolomite forms Mg Abstract: Let F denote a eld and let V denote a vector space over F with nite positiv a pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the s there exists an automorphism of the endomorphism algebra of V that swaps A and A * . S is unique, and called the duality A ↔ A * . In the present paper we give a comprehens duality. In particular, we display an invertible F-linear map T on V such that the map X A ↔ A * . We express T as a polynomial in A and A * . We describe how T acts on ag and 24 bases for V. the mixture is less; the mixture of aluminum and ferrosilicon first forms Al 3 FeSi 2 phase, and finally has the trend of forming Al 4.5 FeSi phase. There is a great difference between the phase transformation of aluminum in the mixture of aluminum, ferrosilicon and calcined dolomite and that of aluminum in the mixture of aluminum and ferrosilicon.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dim pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nition A, A * is said to be self-dual whenever there exists an automorphism of the endomorp swaps A and A * . In this case such an automorphism is unique, and called the duality The literature contains many examples of self-dual Leonard pairs. For instance (i) th ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Cor Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associa module for the Terwilliger algebra of a distance-regular graph that has a spin model in bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leonar De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for t bra, acting on an evaluation module (see [5, Proposition 9.2] ). The example (i) is a spec examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self-dua By [13, Lemma 1.3] each eigenspace of A, A * has dimension one. Let {θ i } d i= denote an values of A. For ≤ i ≤ d let v i denote a θ i -eigenvector for A. The ordering {θ i } d i= whenever A * acts on the basis {v i } d i= in an irreducible tridiagonal fashion. If the order then the ordering {θ d−i } d i= is also standard, and no further ordering is standard. Simi A * . Let {θ i } d i= denote a standard ordering of the eigenvalues of A. Then A, A * is self-du is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
Currently, the silicothermic is the main method for the extraction of magnesium from the calcined dolomite, and the reduction process mainly uses FeSi as the reducing agent to reduce MgO under vacuum conditions at 1200°C [1] . Although the cost of ferrosilicon as reductant is lower, the reduction temperature is higher while the reaction speed is slow [2] [3] [4] , leading to high energy consumption as well as serious environment problems in reduction process [5] . With the improvement of environmental protection requirements, how to lower the energy consumption is one of the problems that the magnesium smelting industry needs to solve. There are some influence factors involved in this problem such as reduction temperature, reduction reaction rate, and the diffusion rate of magnesium vapor during the reduction process. The silicon in ferrosilicon first reacts with magnesium oxide to form SiO 2 that will further combines with CaO in calcined dolomite to form calcium silicate [6, 7] . The high initial reaction temperature of silicon-reduced magnesium oxide leads to high heating temperature. Ferrosilicon has a higher melting point and the solid-solid reaction process leads to slower reduction reaction rate [8, 9] . The diffusion rate of magnesium vapor is mainly affected by the void ratio in the agglomerate. If the void ratio of the reduced product is large, the porosity of the agglomerate will increase.
Based on the analysis above, searching for a reducing agent with lower reduction temperature and faster reduction rate than ferrosilicon is an alternative way to solve this problem. Al and Al(46.7%)-Si(45.7%)-Fe(7.6%) alloy were considered as a promising substitute materials for FeSi [10] [11] [12] [13] [14] . The previous research results showed that these reduction agents can decrease the reduction temperature. The mechanism of magnesium oxide reduction by aluminum and Al-Si-Fe alloy is different from that of ferrosilicon. The initial reaction temperature of aluminum and magnesium oxide is lower. The reason is that aluminum and Al-Si-Fe have a low melting point and a solid-liquid reaction occurs during reduction. The phase change in the reducing process of magnesium oxide by aluminum goes through three stages. These are the formation of MgAl 2 O 4 , and Ca 12 Al 14 O 33 phases, and the phase transformation from MgAl 2 O 4 and Ca 12 Al 7 to CaAl 2 O 4 [10] . Although the reduction process of magnesium oxide by Al and Al-Si-Fe alloy have many advantages, the higher price of these reducing agents makes it difficult to be industrialized.
With the increasing use of aluminum and its alloy materials, more scrap aluminum and its alloy was inevitably produced. Using these scraps aluminum and its alloy as a reducing agent for magnesium oxide is expected to reduce the cost of magnesium reduction. From the current price of waste aluminum and its alloy, it is still high cost to replace ferrosilicon completely with waste aluminum and its alloy. However, it is expected to reduce the cost of reducing magnesium oxide by using aluminum as the additive of ferrosilicon and replacing part of ferrosilicon as the reducing agent. Because there are many kinds of aluminum and its alloys, it is difficult to study them one by one. Therefore, this study focuses on the behavior of aluminum and ferrosilicon in the reduction process of magnesium oxide. Therefore, in this paper, the phase transition of aluminum and ferrosilicon in the reduction process of MgO and the phase transition of the mixture of aluminum and ferrosilicon in the heating process were investigated in details.
Theoretical researches
The main phases of calcined dolomite are MgO and CaO. When the mixture of aluminum powder and ferrosilicon powder was used as the reductant, the reduction reaction process of calcined dolomite are as follows: 
The database, as implemented in HSC chemistry software 6.0, was used to calculate the ΔG-T relationship of each reaction at a vacuum of 10 Pa. The initial calculated temperature is higher by 50°C than the melting point of aluminum. The equilibrium vapor pressure of magnesium (P Mg ) is roughly equal to the residual pressure of the system. The calculation method of Gibbs free energy under vacuum conditions is shown in Eq. 12 and 13. The relationship between Gibbs free energy of each reaction and temperature under vacuum conditions is shown in Figure 1 . where: ΔG -the Gibbs free energy at partial pressure in the system at 10 Pa, ΔG T -the Gibbs free energy at normal pressure, P Mg -the magnesium vapor partial pressure, P 0 -atmospheric pressure that is 101325 Pa.
In Figure 1 , the Gibbs free energy of reactions 1, 2, 3 and 5 decreases sharply with the increase of temperature at a vacuum of 10 Pa. Other reactions can be performed spontaneously, such as reactions 4, 6, 7, 8 and 9. The initial reduction temperature of magnesium oxide in calcined dolomite by aluminum is about 720°C (Eq. 2) while that temperature reduced by silicon is around 1150°C (Eq. 1). The magnesium oxide in magnesium aluminate can be reduced by aluminum at 910°C (Eq. 3), but as for the silicon used as reducing agents to reduce magnesium aluminate, it need to heat to the temperature of about 1400°C (Eq. 5).
When aluminum participates alone in the reduction of magnesium oxide in calcined dolomite, the reduction reaction occurs at 720°C, and at the same time, the alumina formed by aluminum reduction of magnesium oxide reacts with the magnesia oxide to form MgO ‧ Al 2 O 3 . As the heating temperature is above 910°C, aluminum not only reduces the magnesium oxide in the calcined dolomite, but also begins to reduce the magnesium in the magnesium aluminate. However, when ferrosilicon participates alone in the reduction of magnesium oxide in calcined dolomite, the reduction reaction occurs at 1150°C, and the silica formed by ferrosilicon reduction of magnesium oxide reacts with the calcium oxide in the calcined dolomite to form 2CaO ‧ SiO 2 . When aluminum and ferrosilicon are both involved in the reduction of magnesium oxide, the reaction of aluminum to reduce magnesium oxide above 720°C, as the temperature is above 910°C, aluminum not only reduces the magnesium oxide in the calcined dolomite, but also begins to reduce the magnesium in the magnesium aluminate. When the heating temperature is higher than 1150°C, ferrosilicon participates in the reduction reaction, but ferrosilicon cannot reduce magnesium aluminate.
Experimental

Materials
Calcined dolomite is taken from Fugu County, Shaanxi Province in China. The main constituents of calcined dolomite are listed in Table 1 , the main phases of calcined dolomite are CaCO 3 , Ca(OH) 2 , MgO, Mg(OH) 2 , etc., the X-ray diffraction results of calcined dolomite are shown in Figure 2 . Aluminum powder is produced from pure aluminum, and it contains more than 99.5 wt% aluminum element. Ferrosilicon powder is taken from Fugu County, Shaanxi Province in China, and silicon content in ferrosilicon powder is greater than 75 wt%.
Experimental procedure
Calcined dolomite reduced by ferrosilicon with additive of aluminum
Calcined dolomite, ferrosilicon and aluminum powder were dried respectively at 105°C, and then were weighed and mixed with each other according to the prescribed ratio. Then the mixture was pressed into φ 1 cm × 1.5 cm cylinder. The cylinder was placed in a graphite crucible and put it into a vacuum furnace. The temperature is raised when the vacuum degree in the furnace is less than 10 Pa. The furnace temperature rises to the set temperature and keeps for 1 h. Stop heating when the insulation is sufficient, and cool the material to room temperature with the furnace. The material was crushed and ground, and the X-Ray detected the phase composition of the material.
Phase transformation of the mixture of aluminum and ferrosilicon during heating
Mix ferrosilicon and aluminum powder in proportion and press the block. Other steps are the same as in Section 3.2.1.
Experimental results and discussion
Calcined dolomite reduced by ferrosilicon with additive of aluminum
According to the raw material ratio of the production process of magnesium smelting enterprises using silicon thermal method, the ratio of ingredients is calcined dolomite + ferrosilicon = 84 wt% + 16 wt%. The 2 wt% ferrosilicon was replaced by aluminum powder in present study, and the ratio of the ingredients in the reduction process is calcined dolomite + ferrosilicon + aluminum powder = 84 wt% + 14 wt% + 2 wt%. The mixture is heated in a vacuum furnace at 700°C, 950°C, 1200°C, respectively. Then the slags were obtained after heating, respectively. The remaining materials are ground and examined by X-ray diffraction. The test results by X-Ray in the Figure 3 . It can be seen from Figure 3 that when heated to 700°C, the main phases of the slag are MgO, Ca(OH) 2 , Ca 3 Al 2 (OH) 12 12 were generated, indicating that aluminum has participated reactions in mixed materials. Aluminum compounds in the slag cannot be detected by X-ray diffraction due to low aluminum content. According to theoretical calculations, aluminum should participate in the reduction of magnesium oxide in the calcined dolomite at 950°C. The diffraction peak of magnesium oxide weakened in the slag after heating to 1200°C, and Ca 12 Al 14 O 33 and Ca 2 SiO 4 appeared in the slag, indicating that both aluminum and silicon participate in the reduction of magnesium oxide. Main phase in slag produced by reduction of magnesium oxide with ferrosilicon at 1200°C were Ca 2 SiO 4 , Ca 12 Al 14 O 33 , FeSi 2 , and Si. The presence of FeSi 2 and Si in the slag is mainly due to over-dosing during the reduction process. It can be seen that aluminum participates in the reduction reaction and generates a new phase comparing the main phase of the three slags. At 700°C, aluminum and MgO, CaO, siliconcontaining compounds, etc. in calcined dolomite form Ca 3 Al 2 (OH) 12 
High temperature phase transition of aluminum and ferrosilicon mixture
It is difficult to detect the phase transition of aluminum in the reducing slag, because it accounts for a small proportion of the ingredients of the reduced calcined dolomite. In order to explore the phase transition of mixture with aluminum powder and ferrosilicon powder during heating. The aluminum powder is mixed with ferrosilicon and pressed a cylinder, the mixture ratio is aluminum powder + ferrosilicon = 12.5 wt% + 87.5 wt%. The cylinder is heated and kept for 1 h at 700°C, 950°C and 1200°C in vacuum furnace at 10 Pa, respectively. After heating, the heated product is detected by X-Ray detection, and the detection result is shown in Figure 4 . It can be seen from Figure 4 that phase transition has occurred between ferrosilicon and aluminum powder at 700°C. Extremely weak diffraction peaks of the aluminum phase, and a new phase of Al 3 FeSi 2 was produced. The main phase in the product is Si and Al 3 FeSi 2 . The phase composition of the heated product is the same at 700°C and 950°C. When the temperature is raised to 1200°C, compared with 700°C and 950°C, the diffraction peak of Si is weakened, the appearance of diffraction characteristic peak of Al 4.5 FeSi phase and the main phases in the product are Si, SiC, Al 4.5 FeSi, Al 3 FeSi 2 , and C. C comes from graphite crucible, and SiC is produced by the reaction between Si and carbon of graphite crucible. According to the change of diffraction peak intensity, it can be inferred that at 1200°C, Al 3 FeSi 2 phase has a trend of transition to Al 4.5 FeSi phases.
Phase transformation difference of aluminum in two mixtures
It can be seen from Figure 3 that in the process of heating up, the mixture of aluminum, calcined dolomite and ferrosilicon forms Ca 3 Al 2 (OH) 12 
Conclusions
The reaction temperature and reaction products of mixture of aluminum and ferrosilicon in the reduction of magnesium oxide in calcined dolomite were studied by theoretical and experimental methods. The phase transition of mixture of aluminum and ferrosilicon in heating process and in production magnesium oxide were concluded that aluminum and ferrosilicon in the temperature rising process of magnesium oxide reduction, the following conclusions can be drawn:
1) In the reducing process of magnesium oxide by using a mixture of aluminum and ferrosilicon as a reducing agent, under the vacuum pressure of 10 Pa as the temperature rises, aluminum first reacts with magnesium oxide to form magnesium vapor and alumina, and simultaneously aluminum oxide and calcium oxide further form calcium aluminate above 720°C. When the temperature reaches 1150°C, silicon begins to participate in the reduction reaction of magnesium oxide, while silicon oxide and calcium oxide form calcium silicate. Magnesium oxide can be reduced by both aluminum and silicon when the temperature is above 1150°C. 2) In the process of heating up, the mixture of aluminum, ferrosilicon and calcined dolomite forms Mg 2 Al 4 Si 5 O 18 and Ca 3 Al 2 (OH) 12 phase with the components in calcined dolomite. Mg 2 Al 4 Si 5 O 18 and Ca 3 Al 2 (OH) 12 phase finally form Ca 12 Al 14 O 33 phase. The interaction between aluminum and ferrosilicon in the mixture is less; the mixture of aluminum and ferrosilicon first forms Al 3 FeSi 2 phase, and finally has the trend of forming Al 4.5 FeSi phase. There is a great difference between the phase transformation of aluminum in the mixture of aluminum, ferrosilicon and calcined dolomite and that of aluminum in the mixture of aluminum and ferrosilicon.
